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Cells in the presumptive neural ectoderm of Xenopus are committed to neural fate through a process called neural
induction, which may involve proteins that antagonize BMP signaling pathways. To identify genes that are induced by the
BMP antagonists and that may be involved in subsequent neural patterning, we used a suppression PCR-based subtraction
screen. Here we investigate the prospective activities and functions of one of the genes, a nuclear orphan receptor previously
described as xGCNF. In animal cap assays, xGCNF synergizes with ectopic chordin to induce the midbrain–hindbrain
marker engrailed-2 (En-2). In Keller explants, which rely on endogenous factors for neural induction, similar increases in
En-2 are observed. Expression in embryos of a dominant interfering form of xGCNF reduces the expression of endogenous
En-2 and Krox-20. These gain-of-function and prospective loss-of-function experiments, taken with the observation that
xGCNF is expressed in the early neural plate and is elevated in the prospective midbrain–hindbrain region, which
subsequently expresses En-2, suggest that xGCNF may play a role in regulating En-2 and thus midbrain–hindbrain
identity. © 1999 Academic Press
Key Words: neural induction; xGCNF; nuclear orphan receptor; Engrailed-2; pattern formation; midbrain–hindbrain;
uppression PCR.
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fINTRODUCTION
The initial step of vertebrate neural development is the
commitment of the prospective ectoderm to a neural fate, a
process known as neural induction. The committed neural
tissue then undergoes regional specification and eventually
differentiates into diverse neural structures. The classic
experiments by Spemann and Mangold (1924) demonstrated
this process by transplanting the dorsal lip from gastrula
embryos to the ventral side of host embryos and observing
the formation of secondary axis which included a complete
set of neural tissues. The induction is likely to be mediated
by diffusible factors emanating from the gastrula organizer
(Saxe´n, 1961; Gimlich and Cooke, 1983), such as noggin
(Smith and Harland, 1992), chordin (Sasai et al., 1994), and
follistatin (Hemmati-Brivanlou et al., 1994). These factors
an directly induce neural tissue in ectoderm explants
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170ithout inducing mesoderm (Lamb et al., 1993; Sasai et al.,
1995).
Several lines of evidence link neural induction by these
factors to BMP signaling pathways. BMP4 has been shown
to inhibit neural fate and to induce epidermis in dissociated
ectodermal explants (Wilson and Hemmati-Brivanlou,
1995). The expression of dominant negative BMP ligands or
BMP receptors in animal caps promotes neural cell fate
(Hawley et al., 1995). Furthermore, the distinct neural
inducers noggin and chordin both bind BMPs with high
affinity and prevent activation of their receptors (Piccolo et
al., 1996; Zimmerman et al., 1996). This interesting mecha-
nism is conserved in Drosophila (Sasai et al., 1995; Schmidt
et al., 1995). Specifically, decapentaplegic (dpp) and short
astrulation (sog), related to vertebrate BMP and chordin,
espectively, have antagonistic effects in dorsoventral pat-
erning (Ray et al., 1991; Ferguson and Anderson, 1992;
rancois et al., 1994). These findings favor the notion that
ertebrate neural induction is a default pathway that results
rom the elimination of BMP signaling by neural inducers,
sing an evolutionarily conserved mechanism (reviewed in
ilson and Hemmati-Brivanlou, 1997).
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171xGCNF in Xenopus Midbrain–Hindbrain PatterningNeural tissues induced in response to noggin or chordin
express anterior neural molecular markers (Lamb et al.,
1993; Hemmati-Brivanlou et al., 1994; Sasai et al., 1995;
cGrew et al., 1995; Bouwmeester et al., 1996), suggesting
hat these factors do not act alone to induce the full range of
eural cell fates. Later in development, this neural tissue is
urther specified to a more posterior character prior to
erminal cellular differentiation (reviewed by Wilson and
emmati-Brivanlou, 1997). Both FGFs and Wnts have been
mplicated in posteriorization of neural tissue (Green et al.,
992; Kengaku and Okamoto, 1995; Lamb and Harland,
995; McGrew et al., 1995, 1997), though the specific
echanisms remain largely unknown. To contribute to a
etter understanding of the pathway by which prospective
ctoderm becomes committed to a neural cell fate, we
ndertook a screen using PCR-based subtraction to isolate
DNA clones enriched in ectodermal explants in response
o chordin. One clone turned out to be a nuclear orphan
eceptor previously described as xGCNF (Joos et al., 1996).
n the present study we employ both gain-of-function and
rospective loss-of-function assays to test whether xGCNF
s a candidate for participating in neural patterning. We
eport that it has a pattern of expression and an activity
onsistent with a role in patterning the midbrain–hindbrain
egion.
MATERIALS AND METHODS
Embryonic Manipulations
Culture of Xenopus embryos and microinjection of synthetic
RNA were performed as described in Moon and Christian (1989).
Embryo staging was according to Nieuwkoop and Faber (1967).
Animal caps were prepared from stage 8–9 embryos and cultured to
the desired stages as described previously (McGrew et al., 1995).
Keller sandwiches were prepared from stage 10.25 embryos as
described (Doniach et al., 1992).
PCR-Based Subtractive Hybridization
RNA was isolated by the acidic phenol method (Chomczynski
and Sacchi, 1987), and poly(A) RNA was selected (Sambrook et al.,
1992). cDNA synthesis and a PCR-based subtractive hybridization
were performed by using the PCR-Select cDNA Subtraction kit
from Clontech (PT1117-1) following the manufacturer’s recom-
mendations. The final PCR products were resolved on a polyacryl-
amide gel. The DNA bands representing differentially expressed
sequences were cut out of the gel and eluted. The eluted cDNAs
were amplified by one round of PCR (12 cycles) before being cloned
directly into Bluescript vector (Stratagene). The cDNAs then were
analyzed by sequencing, Northern blot, and in situ hybridization.
RT-PCR and Northern Blots
Total RNA was isolated from explants or embryos at different
stages and further treated by RQ1 DNase (Promega). Reverse-
transcription PCR (RT-PCR) was carried out as described previ-
ously (Lai et al., 1995). The primers used in this study were
described previously in Hemmati-Brivanlou and Melton (1994) and
Copyright © 1999 by Academic Press. All rightLai et al. (1995). The primer sequences for amplifying the xGCNF
coding region (Joos et al., 1996) were 59 CGC ACT GGT ATG AGA
TGG ACA C 39 and 59 TTA GCA TCT CTC TCA CTC CTT G 39.
Where indicated, RNA samples (10 mg per lane) were resolved on
1% agarose–3% formaldehyde gel. Transfer, hybridization, and
ashing were performed as described in Sambrook et al. (1989).
he cDNA clone of xGCNF, corresponding to nucleotides 325–700
f the xGCNF coding region, was labeled using a random priming
it from Ambion to generate a DNA probe.
In Situ Hybridization
Whole-mount in situ hybridization was performed as described
previously (Harland, 1991). The digoxigenin probe for xGCNF was
generated by T7 RNA polymerase using CS2-xGCNF linearized
with HindIII as template.
Constructs and Synthetic mRNAs
The coding region of xGCNF amplified by RT-PCR was gel
purified and subcloned into plasmid CS21 at the StuI site. The
esulting plasmid was named CS2-xGCNF and the sequence was
erified by sequencing. Synthetic capped RNA for xGCNF was
ranscribed with SP6 RNA polymerase from NotI-linearized CS2-
GCNF using the MessageMachine kit (Ambion). CS2-xGCNF was
inearized with HindIII and transcribed with T7 polymerase to
enerate digoxigenin-labeled probe for in situ hybridization (Har-
and, 1991). To make a dominant interfering construct of xGCNF,
S2-xGCNF was digested with BglII and XhoI and blunted and the
.3-kb fragment purified; pSp64T EnR was digested with EcoRI and
amHI and blunted and the 1.2-kb fragment purified. The 4.3- and
he 1.2-kb fragments were then ligated to generate DBD-EnR,
hich contains the DNA binding domain of xGCNF (Joos et al.,
996) fused to the Drosophila engrailed repressor domain (Han and
anley, 1993). To make capped RNA, DBD-EnR was linearized
ith XbaI and transcribed with SP6. Capped chordin RNA was
roduced using pSp65T-chd as described in Sasai et al. (1995).
RESULTS
xGCNF Is Expressed in the Neural Plate and Its
Expression Is Elevated by Chordin
While animal caps of Xenopus blastula-stage embryos
differentiate in vitro into epidermis, they can be diverted to
a neural fate by prior injection of RNA encoding noggin
(Lamb et al., 1993) or chordin (Sasai et al., 1995). We took
advantage of these observations to generate neural and
epidermal tissue from the same explanted region of the
Xenopus embryo and then used a subtractive strategy to
isolate genes induced in response to neural induction by
chordin. The PCR-based subtraction employed cDNA pools
from animal caps of embryos injected with either chordin
RNA or BMP4 RNA as diagrammed in Fig. 1. The BMP4
injection was used rather than a control RNA since it
promotes an ectodermal cell fate in animal caps (Wilson
and Hemmati-Brivanlou, 1995), thus magnifying any differ-
ences between the two pools and increasing the chance of
isolating differentially expressed genes. Several clones were
obtained and further tested by Northern blot analysis, DNA
s of reproduction in any form reserved.
a
N
t
a
(
B
2
(
a
t
i
T
a
a
c
s
n
e
3
e
n
w
p
o
a
f
t
F
s
(
t
D
s
x
c
172 Song, Takemaru, and Moonsequencing, and preliminary in situ hybridization to ensure
that candidates for further study were expressed in neurula-
stage embryos. A search of GenBank revealed that one of
the clones that was expressed in neurula was also the
Xenopus homologue of murine germ cell nuclear factor
(xGCNF), a nuclear orphan receptor (Joos et al., 1996).
To test whether xGCNF is differentially expressed in
nimal caps from embryos injected with chordin RNA,
orthern blot analysis was performed. When sibling con-
rol embryos have reached stage 12.5, xGCNF is expressed
t high levels in animal caps from chordin-injected embryos
Fig. 2, lane 1), while the expression in animal caps from
MP4-injected embryos is substantially lower (Fig. 2, lane
), similar to that in animal caps from uninjected embryos
data not shown). As the animal caps of uninjected embryos
re cultured to embryonic stage 14 the levels of xGCNF
ranscripts increase to levels comparable to those observed
n stage 12.5 chordin-injected animal caps (data not shown).
FIG. 1. Identification of xGCNF as a gene differentially expressed
in response to chordin. Two cell embryos were injected with RNA
encoding either chordin (2 ng per embryo) or BMP4 (0.5 ng per
embryo) at the animal pole. Animal cap explants were prepared
from the injected embryos at stage 8.5 and cultured to late
gastrula–early neurula stage (around stage 12.5), and poly(A) RNAs
were then isolated and used to generate cDNAs. A subtracted
hybridization between cDNA from chordin-injected caps (tester)
and from animal caps injected with BMP4 (driver) was then
performed to isolate sequences that are differentially expressed in
chordin-injected animal caps, yielding xGCNF.hus, injection of chordin RNA promotes a more rapid
ccumulation of xGCNF, but as previously noted (Joos et
(
l
Copyright © 1999 by Academic Press. All rightl., 1996) this transcript normally accumulates in animal
ap explants.
More detailed in situ hybridization with xGCNF anti-
ense RNA probes then revealed that while transcripts are
ot detected in early gastrula-stage embryos (Fig. 3A),
xpression is evident beginning at the neurula stage (Fig.
B). Expression increases during neurulation, with greatest
xpression anteriorly, decreasing toward the posterior, and
egligible expression in the median of the neural plate,
hich represents the future floorplate (Fig. 3C). Expression
ersists in tailbud embryos (Fig. 3D). While these patterns
f expression generally agree with an earlier report (Joos et
l., 1996), we also observed a band of high expression at the
ront of the neural plate, approximately where the presump-
ive midbrain–hindbrain boundary will form (arrowheads,
ig. 3C). This band of expression can be seen as early as
tage 13, but becomes less prominent beginning at stage 14
data not shown).
FIG. 2. Total RNA (10 mg per lane) was run on an agarose gel,
ransferred to a nylon membrane, and hybridized with a xGCNF
NA probe. Transcripts of a single size of about 10 kb were
trongly expressed in chordin-injected caps (lane 1, upper blot). The
GCNF band was substantially lower in BMP4-injected animal
aps (lane 2). 28S ribosomal RNA was used as a loading control
lower bands), and reprobing with a max cDNA confirmed equal
oading (data not shown).
s of reproduction in any form reserved.
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173xGCNF in Xenopus Midbrain–Hindbrain PatterningxGCNF Synergizes with Chordin to Induce the
Midbrain–Hindbrain Marker En-2 in Animal Caps
The relative lack of expression of xGCNF during early
gastrulation suggests that it acts later than initial neural
induction. Its elevated expression in the anterior neural
plate (Fig. 3C) in the presumptive midbrain–hindbrain
region suggests that it may be involved in regional neural
patterning. To examine this potential activity of xGCNF,
we cloned the remainder of its coding region (Joos et al.,
1996) by RT-PCR and prepared an expression construct.
As a transcription factor (Joos et al., 1996), xGCNF may
mediate the function of neural inducers by regulating the
transcription of neural genes. We first tested this possibility
in animal cap assays (Fig. 4A). Capped xGCNF RNA was
synthesized and injected into the animal/dorsal side of two-
to four-cell embryos. Animal caps were prepared at stage 8
and cultured until the sibling embryos reached stage 22 to
24. Expression of a number of regionally restricted neural
FIG. 3. The spatial pattern of expression of xGCNF during develo
stage embryos using xGCNF antisense probe. (A) A stage 10 em
indicates the emerging dorsal lip. (B) A stage 12.5 embryo. Transcr
of the neural plate. (C) A stage 13.5 embryo. Strong xGCNF
anterior-to-posterior gradient of xGCNF signal with the higher ex
which represents the future floorplate. Stripes of strong staining (wh
approximately to the midbrain–hindbrain. (D) A stage 23 embryo (ta
expression was seen in the somites and in the branchial arches.markers was measured by RT-PCR. xGCNF on its own (Fig.
4A, lane 5, and Fig. 5B, lane 6) does not induce significant
Copyright © 1999 by Academic Press. All rightevels of region-specific neural markers like Xanf-2 (pitu-
tary, Lai et al., 1995), Otx-A (forebrain, Lai et al., 1995),
En-2 (midbrain–hindbrain boundary, Hemmati-Brivanlou
et al., 1991), Krox-20 (hindbrain, Bradley et al., 1993), and
HoxB9 (spinal cord, Sharpe et al., 1987), nor does it induce
the panneural marker NCAM (Kintner and Melton, 1987) at
RNA dosages varying from 0.1 to 2 ng (data not shown).
Therefore, xGCNF is not sufficient for neural induction.
Expression of chordin in animal caps induces the expres-
sion of the panneural marker, NCAM, as well as regional-
specific markers of anterior character (Sasai et al., 1995),
and likely other factors involved in neural induction. Since
xGCNF is an orphan nuclear receptor induced by chordin,
yet insufficient to induce neural gene expression, its activi-
ties may require ligands or other protein factors. To test
whether xGCNF functionally interacts with chordin or its
downstream effectors, we coinjected RNAs encoding chor-
din and xGCNF and analyzed neural gene expression by
nt. Whole-mount in situ hybridization was performed on different
Zygotic xGCNF transcripts were not detected. Solid arrowhead
or xGCNF were first detected at this stage in the anterior portion
ssion was observed in the neural plate. There is an apparent
ion to the anterior. The expression is excluded from the midline,
rrowheads) were seen at the front of the neural plate corresponding
). The expression of xGCNF was decreased at this stage. Persistentpme
bryo.
ipts f
expre
press
ite aRT-PCR. Similar to injection of chordin RNA (Fig. 4A, lane
3. and Fig. 5B, lane 3), coinjection of chordin and xGCNF
s of reproduction in any form reserved.
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174 Song, Takemaru, and MoonRNAs induces the anterior neural markers Xanf-2 and
Otx-A but does not induce the more posterior neural
markers Krox-20 and HoxB9 (Fig. 4A, lane 4, and Fig. 5B,
ane 4). However, in contrast to the absent or very low
evels of the midbrain–hindbrain marker En-2 in chordin-
njected animal caps, coinjection of chordin and xGCNF
NAs significantly increases the levels of En-2 transcripts
Fig. 4A, lane 4 vs lane 3, and Fig. 5B, lane 4 vs lane 3).
mportantly, the effects of xGCNF on neural gene expres-
ion in these in vitro assays occur without concomitant
nduction of dorsal mesoderm, as monitored by RT-PCR
nalysis for muscle actin transcripts (Fig. 5B). We conclude
FIG. 4. RT-PCR analysis of neural gene expression. (A) Lane 1, st
markers. Lane 2, animal caps from uninjected embryos express n
express anterior neural markers. Lane 4, animal caps from embryos
neural markers. Lane 5, xGCNF alone does not induce neural mark
Krox-20, HoxB9, and EF-1a which serves as a loading control (see M
from uninjected embryos serve as controls. Lane 2, RT-PCR analysi
Lane 3, RT-PCR of Keller explants from embryos injected with thhat xGCNF regulates En-2 expression during neural induc-
ion in vitro, in the absence of dorsal mesoderm.
Copyright © 1999 by Academic Press. All rightExpression of xGCNF Increases the Steady-State
Levels of En-2 Expression in Keller Sandwich
Explants
The results from coexpression of chordin and xGCNF in
animal cap assays suggest that xGCNF may synergize with
other factors that are downstream of primary induction. We
further tested this hypothesis in Keller sandwich explants,
which more closely recapitulate the condition in an embryo
than animal cap explants. It is known that neural induction
is mediated by both vertical and planar induction (reviewed
in Doniach, 1993). In vertical induction the inducing sig-
nals from the invaginating dorsal mesoderm signal verti-
2 whole embryos show a complete anteroposterior range of neural
ral markers. Lane 3, animal caps from chordin-injected embryos
cted with chordin and xGCNF express En-2 in addition to anterior
animal caps. PCR primer sets used were for Xanf-2, Otx-A, En-2,
rials and Methods). (B) Lane 1, RT-PCR analysis of Keller explants
eller sandwich explants from embryos injected with xGCNF RNA.
CNF-EnR RNA.age 2
o neu
inje
ers in
atecally to the overlaying ectoderm, while in planar induction
the signals work horizontally through the plane of the
s of reproduction in any form reserved.
d175xGCNF in Xenopus Midbrain–Hindbrain Patterningectoderm. In Keller sandwiches, which are held in a two-
FIG. 5. (A) A diagram of a dominant interfering construct of xGCNF
(xGCNF-EnR). The nucleotides encoding 1–101 amino acids (the
DNA binding domain) of xGCNF were cloned in frame to the
nucleotides coding for the first 298 amino acids (repressor domain) of
Drosophila engrailed (Han and Manley, 1993). (B) Lane 1, RT-PCR
analysis of embryos reveals detectable levels of neural genes (Xanf-2,
Otx-A, En-2) as well as muscle actin (M. actin), a dorsal mesodermal
gene. Lane 2, animal cap explants express none of the marker genes.
Lane 3, animal caps from embryos injected with chordin RNA (360 pg)
express Xanf-2 and Otx-A. Lane 4, animal caps from embryos injected
with chordin (360 pg) and xGCNF (100 pg) RNAs express En-2 as well
as Xanf-2 and Otx-A. Lane 5, animal caps from embryos injected with
chordin (360 pg) and xGCNF (100 pg) RNAs, as well as xGCNF-EnR
RNA (200 pg), express Xanf-2 and Otx-A but not En-2. Lane 6, xGCNF
oes not induce any marker in animal cap explants.dimensional sheet by coverslips, planar signaling is primar-
ily responsible for neural induction (Doniach et al., 1992).
Copyright © 1999 by Academic Press. All rightIn this assay, xGCNF RNA was injected into the dorsal side
of two- to four-cell-stage embryos and Keller sandwiches
were prepared at early gastrula stage (stage 10) and then
cultured until sibling embryos reached stage 16. RT-PCR
then was performed to monitor the levels of different neural
markers along the anteroposterior axis. Compared to con-
trol explants (Fig. 4B, lane 1), xGCNF injection does not
affect levels of Otx-A, Krox-20, or HoxB9 (Fig. 4B, lane 2).
However, the midbrain–hindbrain marker En-2 is increased
significantly by xGCNF injection (Fig. 4B, lane 2 compared
to lane 1). This result is consistent with the induction of
En-2 in animal caps coinjected with chordin and xGCNF
(Figs. 4A and 5B) and suggests a role for xGCNF in regional
specification of the midbrain–hindbrain.
Expression of a Dominant Interfering xGCNF
Reduces the Levels of Endogenous En-2 Expression
We further investigated the roles of xGCNF in a prospec-
tive loss-of-function assay. We constructed a dominant
interfering construct of xGCNF (xGCNF-EnR) by fusing the
DNA binding domain of xGCNF to the repressor domain of
Drosophila engrailed (Fig. 5A). When injected into em-
bryos, the xGCNF-EnR is expected to compete with the
endogenous xGCNF for binding to its downstream targets.
The repressor domain is expected to keep the target genes
transcriptionally inactive, a strategy previously used to
eliminate the activity of brachyury in Xenopus (Conlon et
al., 1996). Since injection of chordin induces expression of
Xanf-2 and Otx-A in animal caps (Fig. 4A, lane 3, and Fig.
5B, lane 3), and coinjection of xGCNF induces En-2 in
addition to these genes (Fig. 4A, lane 4, and Fig. 5B, lane 4),
we used the expression of En-2 as a readout to test whether
xGCNF-EnR is an inhibitor of xGCNF activity. Support-
ingly, injection of xGCNF-EnR and xGCNF RNAs (2:1
ratio) along with chordin RNA specifically blocks the
induction of En-2, without affecting the expression of
Xanf-2 and Otx-A that are induced by chordin alone (Fig.
5B, lane 5 compared to lane 4). These data indicate that
xGCNF-EnR is a repressor of xGCNF function. However,
while xGCNF alone or in the presence of chordin does not
induce Krox-20 (Fig. 4A), xGCNF-EnR reduces the expres-
sion of this neural marker as well as En-2 in Keller explants
(Fig. 4B, lane 3, compared to control lane 1), suggesting that
En-2 cannot be the sole target of xGCNF-EnR in vivo.
RNA encoding xGCNF, control prolactin, or xGCNF-
EnR was then injected into two-cell-stage embryos to
determine if xGCNF-EnR suppressed the expression of En-2
and Krox-20 in intact embryos. As initial experiments
demonstrated that high doses (over 1 ng) of either xGCNF
or xGCNF-EnR caused gastrulation defects, we employed
lower doses (under 500 pg per embryo), which had no overt
effects on development through gastrulation, and grew the
embryos to stage 15 prior to fixation and in situ hybridiza-
tion. Control embryos injected with RNA encoding prolac-
tin showed robust expression of Otx-A (Fig. 6A), En-2, and
Krox-20 (Fig. 6D, mixed in situ hybridization probes, with
s of reproduction in any form reserved.
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176 Song, Takemaru, and MoonEn-2 shown by the arrowhead), and HoxB9 (Fig. 6G, Table
1). In embryos injected with xGCNF-EnR RNA, the levels
of the forebrain marker Otx-A (Fig. 6C) and spinal cord
marker HoxB9 (Fig. 6I) are similar to those in control (Figs.
6A and 6G) embryos and in embryos injected with wild-
FIG. 6. xGCNF-EnR RNA reduces En-2 expression in whole emb
0.6 ng per embryo, B, E, and H), or xGCNF-EnR (0.3 ng per emb
mbryos. Whole-mount in situ hybridization was performed at ne
tx-A (A, B, and C), En-2/Krox-20 (D, E, and F, with En-2 depicted
oxB9 (G, H, and I).type xGCNF RNA (Figs. 6B and 6H). However, xGCNF-EnR
consistently reduces the level of the midbrain–hindbrain
Copyright © 1999 by Academic Press. All rightmarker En-2 to low or undetectable levels, with low but
detectable levels of Krox-20 (Fig. 6F, arrow denotes reduced
Krox-20 signal). These data indicate that xGCNF-EnR does
not perturb the expression of very anterior (Otx-A) or
posterior (HoxB9) neural genes, but reduces the expression
RNA encoding prolactin (2 ng per embryo, A, D, and G), xGCNF
C, F, and I) was injected into both blastomeres of two-cell-stage
a stage using antisense RNA probes for different neural markers:
hite arrowhead and double bands of Krox-20 by black arrows), orryos.
ryo,
urulof two neural genes expressed between these anterior and
posterior markers.
s of reproduction in any form reserved.
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177xGCNF in Xenopus Midbrain–Hindbrain PatterningDISCUSSION
We have cloned xGCNF, a prospective nuclear orphan
receptor, by a subtractive PCR-based screen for genes el-
evated in response to expression of chordin in Xenopus
animal cap explants. Consistent with the elevation of levels
of xGCNF by chordin, a prospective neural inducer (Sasai et
al., 1995), the highest levels of xGCNF during Xenopus
evelopment were observed by in situ hybridization in the
eural plate (see also Joos et al., 1996). However, we also
bserved a heretofore unreported expression of xGCNF
round the presumptive midbrain–hindbrain region. The
recise site of the midbrain–hindbrain boundary in early
eural plate-stage embryos was difficult to determine due
o the lack of appropriate molecular markers at this stage.
owever, we compared the patterns of expression of
GCNF and En-2 in stage 14 embryos and found that the
omains of expression were very similar (data not shown),
hough the xGCNF signal is already diminishing in this
egion while that of En-2 is reaching its peak. As this local
levation of xGCNF precedes En-2, and as xGCNF belongs
to a novel subfamily of nuclear orphan receptors that are
ligand-dependent transcription factors (Joos et al., 1996), it
s expressed in an appropriate time and place for a potential
unction in regulating gene expression during patterning of
he midbrain.
Both gain-of-function and prospective loss-of-function
tudies support a role for xGCNF in patterning the
idbrain–hindbrain region. David et al. (1998) report that
verexpression of xGCNF in Xenopus embryos perturbs tail
nd somite formation, without overt effects on head devel-
pment. In the present study we report that overexpression
f xGCNF in animal cap explants does not appreciably
nduce neural markers, while its coexpression with chor-
in, but not chordin alone, now induces expression of En-2.
his result suggests that xGCNF alone is not sufficient to
nduce En-2 and that its action requires other factors that
re induced by chordin. Considerable research in the mouse
as shown that Wnt-1 is required for the maintenance of
xpression of En (McMahon et al., 1992) and that En is a
arget of Wnt-1 signaling (Danielian and McMahon, 1996).
urther work in mouse has implicated FGF8 and PAX genes
n regulation of En (reviewed by Joyner, 1996). Similarly in
enopus, FGF has been shown to induce posterior markers
TABLE 1
xGCNF-EnR Reduces Endogenous En-2 Expression
Control embryo
prolactin injected (n)
Normal En-2 expression 83% (82)
Reduced En-2 expression 17%uch as En-2, Krox-20, and HoxB9 in the presence of neural
nducers (Lamb et al., 1995; Kengaku and Okamoto, 1995),
Copyright © 1999 by Academic Press. All rightnd recent work supports a cooperative interaction between
nt and FGF pathways in neural patterning (McGrew et al.,
997). One mechanism for xGCNF to cooperate with other
actors to regulate En-2 is that xGCNF and other factors
ay bind to different regulatory sites on the En-2 gene.
lternatively, xGCNF may regulate En-2 only indirectly,
y modulating expression of other genes.
The results of the animal cap explants seem to pose a
aradox. We found that levels of xGCNF transcript are
elatively low in uninjected animal caps at stage 12.5, but
re higher by stage 14, when En-2 expression is established
n the embryo. Injection of chordin RNA induces preco-
ious elevation of xGCNF transcripts in stage 12.5 animal
aps, consistent with the observation that chordin is nor-
ally expressed earlier in the gastrula (Sasai et al., 1995)
han xGCNF. However, we noticed that chordin by itself
oes not induce significant levels of En-2, although it has
nduced xGCNF, which our data show can work with
hordin to induce En-2. This paradoxical lack of induction
f En-2 by chordin, despite the induction of xGCNF, may be
artially explained by the following. First, spatial expres-
ion patterns of xGCNF show elevated levels in the pro-
pective midbrain–hindbrain region compared to other ar-
as of the neural plate. Thus, the levels of xGCNF
ranscripts induced by chordin in animal caps may not be
igh enough to induce expression of En-2. Second, xGCNF
ay be subject to translational controls, since endogenous
GCNF transcripts have very long untranslated regions,
hile the injected synthetic xGCNF contains virtually no
ntranslated region.
Analyses based on endogenous neural inducing and pat-
erning signals further support the hypothesis that xGCNF
lays a role in midbrain–hindbrain patterning. Ectopic
xpression of xGCNF in Keller explants, which rely on
ndogenous signals for neural induction, elevates levels of
n-2. Conversely, an inhibitory protein consisting of the
NA binding domain of xGCNF (Joos et al., 1996) linked to
he Drosophila engrailed repressor domain (Han and Man-
ey, 1993), reduced the levels of En-2 and Krox-20 in Keller
xplants and in whole embryos. Since both En-2 and
rox-20 expression was perturbed in embryos in the present
tudy, and a distinct dominant negative xGCNF interfered
ith the anterior expression of a retinoic acid receptor
David et al., 1998), it is likely that xGCNF has multiple
xGCNF-injected
embryo (n)
xGCNF-EnR-injected
embryo (n)
80% (80) 13% (93)
20% 87%targets in the early nervous system. Consistent with this
conclusion and our results, David et al. (1998) also report
s of reproduction in any form reserved.
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178 Song, Takemaru, and Moonthat their dominant negative xGCNF perturbs head and
neural tube formation in Xenopus embryos, as analyzed by
histological studies. Thus, gain-of-function assays, prospec-
tive loss-of-function assays, and the pattern of xGCNF
expression are consistent with its being involved in
midbrain–hindbrain patterning. Further work will be re-
quired to determine if there are direct xGCNF binding sites
in the regulatory regions of En or Krox-20 genes and
whether genetic reduction of xGCNF function supports a
requirement during early development in vertebrates.
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